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57) ABSTRACT 

New compositions of matter comprise a metal from the 
group consisting of platinum, rhodium and palladium, a 
metal from the first row of Group VIII of the Periodic Table 
and a nonacidic L-zeolite. A preferred composition is 
Pt-Ni/KL-zeolite. Such catalysts are prepared by coim 
pregnation of the zeolite with the metals. Methods of using 
the catalysts in reforming, aromatization or dehydrogenation 
are provided. 

9 Claims, No Drawings 
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SULFUR TOLERANT BMETALLC 
ZEOL TC REFORMING CATALYSTS 

This is a continuation of application Ser. No. 07/910,069 
filed on Jul. 8, 1992 now abandoned. 

BACKGROUND OF THE INVENTION AND 
PRIOR ART 

Pt/L-Zeolite catalysts have utility as non-acidic reforming 
catalysts for the octane enhancement by selective reforming 
of light paraffins, see P. W. Tamm et al, Catalysis 1987, J.W. 
Ward, Ed., Elsevier Science Publishers, B. V. Amsterdam, 
1988, page 335 and Buss et al, U.S. Pat. No. 4,456,527, 
1984. They are also prospective catalysts for the conversion 
of n-hexane to benzene, see Bernard, Proc. 5th Intern. Conf. 
Zeolites (L. W. Rees, Ed.) Heyden, London, 1980, page 686 
and Bernard et al U.S. Pat. No. 4,104,320 (1978). The 
catalysts described in the latter two references were based on 
wide pore L-zeolite loaded with Pt particles, Pt/KL-zeolite, 
and those described in the first two references above were 
similar, but part of the K" had been exchanged by Ba', 
Pt/BaKL-Zeolite. However, both the Pt/BaKL-Zeolite and 
Pt/KL-zeolite have low sulfur tolerance according to Tamm 
et al supra and it has recently been demonstrated for both 
catalysts that sulfur promotes the migration of Pt out of the 
Zeolite pores and the aggregation of larger particles, see 
Vaarkamp et al., "The Sulfur Poisoning of Pt/BaKL Cata 
lysts', abstract D19, 12th North American Meeting of the 
Catalysis Society, Lexington, Ky., May 1991 and Kao et al., 
"Effect of Sulfur on the Performance of Pt/KL Hexane 
Aromatization Catalysts', abstract D20, 12th North Ameri 
can Meeting of The Catalysis Society, Lexington, Ky., May, 
1991. Pandey et al U.S. Pat. No. 4,680,280 (1987) discloses 
L-zeolite catalysts which incorporate one of the desulfur 
ization metals, molybdenum, chromium or tungsten to 
improve sulfur tolerance. 

Bimetallic Pt-Ni catalysts using other supports, e.g. 
Pt-Ni/SiO, are reported by Jentysetal, J. Phys. Chem., 96, 
1324 (1992) and Raab et al., J. Catal., 122, 406 (1990) and 
others as discussed infra. However, silica, alumina or carbon 
supported catalysts as described in the prior art are of quite 
low dispersion compared to the catalysts of the invention as 
disclosed infra. 

It is known in the art that the retention of Pt in the 
KL-zeolite pores of of monometallic Pt/KL-zeolite catalysts 
is essential for high activity and selectivity, and for main 
tenance of high activity and selectivity, see Kao et al supra, 
and Iglesia et al., "A Mechanistic Proposal for Alkane 
Dehydrocyclization Rates on Pt/L-zeolite. Inhibited Deac 
tivation of Pt Sites within Zeolite Channels', to be pub 
lished, Proc. 10th Intern. Congr. Catal. Budapest, July 1992, 
and that self-deactivation of Pt/SiO, makes such catalysts 
inferior to Pt/KL-zeolite, see Iglesia etal supra, even though 
their initial activities are comparable. 

While conventional reforming catalysts are bi-functional 
in that they utilize support acidity as well as metal dehy 
drogenation/hydrogenation functionality, it has been dem 
onstrated, see Bernard supra, that Pt/L-zeolite reforming 
catalysts may accomplish aromatization using Pt-only func 
tionality and the acidity can be detrimental to optimum 
performance. The low sulfur tolerance of Pt/L-Zeolite cata 
lyst is known, see Bernard et al supra, but recently it has 
been demonstrated that the effect of sulfur is not the result 
of simple poisoning, see Vaarkamp et al, Kao et al supra. By 
mechanisms which are not fully understood, sulfur promotes 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

65 

2 
Pt crystal growth and movement of Pt out of the zeolite 
channels. 

The sulfur intolerance of Pt/L-zeolite catalystis one of the 
major inhibitions to the commercial use of these catalysts for 
petroleum reforming or for the production of benzene or 
other aromatics. Thus, it is of interest to find catalyst 
modifiers which might stabilize Pt against crystal growth. 
One approach is to use first row cations to anchor Pt particles 
in Y-zeolite using Fe", see Tzou et al, Appl. Catal. 20, 231 
(1986) and Balse et al, Catalysis Lett., 1, 275 (1988). Also, 
Cr' has been used to anchor Rh particles in Y-zeolite, see 
Tzou et al, Langmuir, 2,773 (1986). 

SUMMARY OF THE INVENTION 

According to this invention, the disadvantages of prior 
catalysts are overcome by a new composition of matter 
comprising a metal selected from the group consisting of 
platinum, rhodium and palladium and a first row Group VIII 
metal, namely iron, cobalt or nickel, preferably nickel, 
supported within the pores of L-Zeolite in a basic form, with 
alkali metal or alkaline earth metal counter ions, preferably 
potassium as in KL-Zeolite. 

In the compositions according to the invention, the metal 
lic cluster size is constrained by the zeolite pore size to be 
<13 Angstroms. To the best of our knowledge, platinum 
nickel clusters having the required size for our unique 
compositions have not previously been prepared. 
The preparation of the catalysts according to the invention 

is accomplished by preparing in known manner a nonacidic 
L-Zeolite containing basic groups such as alkali metal or 
alkaline earth metal, and co-impregnating the non-acidic 
L-Zeolite with platinum, rhodium or palladium and a metal 
from the top row of Group VIII metals. The co-impregnation 
is done by contacting the solid Zeolite with an aqueous 
solution of platinum for example and a top-row Group VIII 
metal compound, followed by drying the zeolite by known 
procedures. When used for dehydrogenation, the Zeolite is 
then preferably sulfided and further treated as subsequently 
described in the examples. 
The proportions of the metals in the compositions accord 

ing to the invention are those typical for bimetallic platinum 
catalysts or the like, as disclosed for example in patents 
referred to herein. 

The catalysts of the invention are useful as catalysts in the 
reforming, aromatization or dehydrogenation of hydrocar 
bons. In certain embodiments of the invention, therefore, 
processes of reforming, aromatization and dehydrogenation 
are performed according to well-known conditions for those 
reactions, but employing in place of conventional catalysts 
for those reactions, the novel catalysts according to the 
invention. 

In using the catalysts of the invention in reforming, or 
dehydrocyclization of aliphatic hydrocarbons, known con 
ditions for such reactions may be employed such as those 
disclosed in Bernard U.S. Pat. No. 4,104,320, issued Aug. 1, 
1978, and Buss etal U.S. Pat. No. 4,456,527, issued May 20, 
1986, the disclosures of which are hereby incorporated by 
reference. In using the catalysts for dehydrogenation, for 
example of isobutane to isobutene, known conditions for 
such reactions may be used such as those employed in Miller 
U.S. Pat. No. 4,727,216 issued Feb. 23, 1992, the disclosure 
of which is hereby incorporated by reference. The catalysts 
may be sulfided by known procedures to obtain optimum 
activity. 
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EXAMPLES 

The following examples illustrate the invention: 

Example 1 
A catalyst was prepared containing Pt on potassium 

zeolite, identified below as Pt/KL. Three catalysts were 
prepared containing Pt and Ni in various proportions on 
potassium zeolite, identified below as 0.70 Pt-Ni/KL, 0.53 
Pt-Ni/KL and 0.44 Pt-Ni/KL. Table 1 below gives the 
compositions of these four catalysts. 
The catalysts were prepared from KL-Zeolite by co 

impregnation using a ratio of 5.0 ml/6.5 g KL-Zeolite with 
appropriate amounts of Ni(NO), and Pt(NH3(NO), to 
yield the desired metal loadings. The Zeolite had been 
calcined prior to impregnation overnight (12 hours + or - 2 
hours) at 500 C. The impregnated material is first oven 
dried at 110° C. for 2 to 4 hours and then placed in the 
reduction cell. The calcination temperature (pure O, 500 
ml/g-min) is achieved by applying a heating ramp of 1 
C/min, held at 450° C. for 1 hour. The bed is purged with 
a high flow of He (500 ml/g-min) while ramping the 
temperature to 500° C. in 1 hour. At that point, the flow is 
switched to H (same flowrate as that of either O or He) and 
the temperature is held at 500° C. for 8 hours. Then the 
system is cooled to room temperature and air is allowed to 
slowly diffuse into the reduction cell prior to catalyst stor 
age. The monometallic Pt catalyst is labeled Pt/KL while the 
bimetallic catalysts are referred to as Pt-Ni/KL with the Pt 
mole fraction indicated, e.g., 0.70 Pt-Ni/KL designates the 
catalyst which is 70% Pt and 30% Ni. 

Preliminary work on co-ion exchanged and sequential ion 
exchanged (Ption exchange and reduction followed by Ni 
ion exchange and reduction) had not been successful as 
judged by the very poor H chemisorption measured dis 
persion that resulted. However, co-impregnation preparation 
resulted in reasonable dispersions even when Pt loading 
exceeded 5 wt %. These catalysts were sulfided with dim 
ethylsulfoxide. The catalysts were re-reduced at 500° C. for 
one hour in a 100 cc/min flow of H, dimethyl sulfoxide was 
injected (200l per 1 g of catalyst or a S/Pt exposure ratio of 
about 10), followed by a further 2 hours of stripping in H2 
flow at 500° C. The catalyst is identified by the atomic 
fraction of Pt, e.g. 0.44 Pt-Ni/KL, and the sulfided catalysts 
with the further prefix, e.g. S, 0.44 Pt-Ni/KL. 

TABLE 1 

Catalyst composition 

Catalyst HIM wt % Pt wt % Ni XPt 

PtFKL 0.58 5.31 1.00 
0.70 P-NiIKL 0.50 5.43 0.71 0.70 
0.53 Pt-NiKL 0.45 5.02 1.33 0.53 
0.44 Pt. NiIKL 0.39 5.2 93 0.44 

The sulfided catalysts were examined by TEM (Phillips 
EM 410 electron microscope, bright field mode, 153,000 
magnification). All four sulfided catalysts were examined in 
duplicate. While a careful statistical particle size was not 
determined, most particles were in the range of 10-30 nm on 
the S, Pt/KL catalyst and 1-3 nm on the three S, Pt-Ni/KL 
catalysts. 

Example 2 

The Pt only and the highest Ni loaded catalysts from 
Example 1 were submitted to extended X-ray absorption fine 
structure (EXAFS) analysis. These results are reported in 
Table 2 below. The coordination number N =7.1 is 
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4 
consistent with a particle size of about 1.2 nm for Pt/KL 
which grows to N =9.0 equivalent to about a particle 
size of about 2.0 nm, see Kip et al., J. Catal., 105, 26 (1987). 
Thus, the EXAFS confirms that particle size increases with 
sulfiding. Combining the EXAFS with the TEM, our results 
suggest a bimodal distribution of particles within the Zeolite 
channels (mostly not seen in the TEM and of order 1.2 nm) 
and particles outside the zeolite and about 25 nm. From a 
simple volume average mass balance (assuming that the 
large particles outside the Zeolite have a NP =12), one 
finds that about 40% of the Pt has migrated outside the 
zeolite. Even though the particle size is larger following 
sulfiding (which usually implies more ordered particles), 
one should also note that the DW has increased indi 
cating that sulfiding causes disorder as well as particle 
growth but note also that the R is identical to that of 
bulk Pt, R =0.277 nm. 

TABLE 2 

EXAFS determined coordination number, N, y, 
interatomic distance, R. , in nm, and Debye Waller term, 

in A2 (where xis the absorbce and Y is thc scater) DW 
Pt/KL S, Pt/KL 0.44 Pt-Ni/KL S, 0.44 

NP-P, 7.1 9.0 3.8 3.6 
NP-Ni 1.6 18 
NNi Ni 3.9 4. 
NNi-P. 1.4 .8 
RP-Pl 0.277 0.277 0.272 0.272 
RP-Ni 0.263 0.264 
RNi Ni 0.254 0.254. 
RNi-P 0.263 0.264 
DWP. p. 0.0005 0.0010 0.0032 0.0028 
DWP Ni 0.0017 0.0027 
DWN N; 0.0017 0.0020 
DWNip -0.0009 0.0036 

The bimetallic EXAFS results must be interpreted with 
Some caution because the analysis is complicated by a total 
of 14 parameters (the 12 shown in Table 2 plus Eo for both 
the Pt L and NiK edges). Seven of these must be simul 
taneously varied for each edge spectrum to obtain a fit of the 
data to a model. One variable can be eliminated by requiring 
that Rev-R, but there may still be several local 
minima in the fit. Moreover, there is no simple relationship 
between the coordination numbers of the bimetallic particles 
and their size since this will depend on the structure. One can 
say that the particles are bimetallic since the R =0.263 
nm is significantly different from bulk Ni where it is 0.245 
nm and that the bimetallic clusters are not homogeneous 
since this would require that N P-N v and Nv v. 
N for a 1:1 Pt:Niratio, which they clearly are not. The 
fact that neither NP PNP v nor Nw witny P, change 
much with sulfiding is consistent with the TEM finding that 
the particle size does not grow with sulfiding. Note also that 
the Debye Waller terms for all the bimetallic (except one) are 
greater than that for Pt/KL would be consistent with bime 
tallic clusters since they are expected to have more disorder 
than a single phase. (The DW =0.0009 is probably in 
error since it implies that the disorder, from the perspective 
of the Ni absorber in the bimetallic, is less than in the bulk 
Ni reference which is not physically reasonable.) 

Example 3 

The reaction of n-hexane was investigated at below 
atmospheric pressure over a period of time on stream from 
15 to 135 minutes at low and at high conversion. From a 
kinetic point of view, differential rates allow specific rates to 
be estimated at the low conversion. However, the selectivity 
increases monotonically with conversion so that from a 
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practical point of view one would wish to compare the 
selectivity at high conversion. Because one observes integral 
rates at high conversion, it is not possible to extract a true 
kinetic rate ratio without obtaining detailed kinetics over the 
whole range of conversion. There is the further complication 
that the catalysts suffer significant deactivation with time on 
stream. The deactivation appears to mostly be the result of 
coke deposition on the metal because reactivation by simple 
re-reduction produced about an 80% recovery of the initial 
rate. A further indication that the deactivation is primarily 
the result of coke deposition on the metal is evident when the 
deactivation is compared on the sulfided and unsulfided 
catalysts (at both low and high conversion). The unsulfided 
catalysts lose about 50–60% of their activity in the first 135 
min on stream, but the sulfided catalysts loses 10% of their 
activity in the same period. A selection of data is presented 
in Table 3 at 75 minutes on stream, a period after which most 
of the deactivation has occurred. 
At low conversion, the sulfided catalysts suffer a large 

loss of the desired selectivity to benzene because hexene, 
C=, formation competes. However, at high conversion 
there is little decrease in the benzene selectivity. This is, in 
some sense, reassuring since low pressure reaction studies 
may be suspect because they may involve a component of 
gas phase cyclization (of hexatriene) which can be sup 
pressed at high H2 pressure. The fact that sulfiding prefer 
entially suppresses benzene formation relative to hexene 
formation at low conversion suggests that the gas phase 
contribution is small in these experiments if it can be 
assumed that dehydrogenations subsequent to hexene for 
mation track hexane dehydrogenation. 
We believe L16) that a linear relation between EXAFS 

coordination number and H/Pt that exists for catalyst load 
ings between 0.98 and 3.5 wt % Ptbreaks down for the 5.31 
wt % Pt/KL of Table 1 above and implies pore blockage. The 
incremental pore blockage that would then result by addition 
of more metal (Ni) in the bimetallic catlysts would then 
explain why H/M decreases with added Ni. Since the 
turnover frequencies given here are normalized to H/M, they 
should already account for pore blockage and the decrease 
in turnover frequency with increased Ni indicates that the 
bimetallic clusters are slightly less active than pure Pt 
clusters for reactions of n-hexane. However, the relative 
activities per unit mass of catalyst (last column of Table 3) 
indicate that the improved sulfur tolerance of the bimetallics 
(measured at either low or high conversion) is improved by 
almost one order of magnitude in the 0.44 Pt-Ni/KL 
catalyst relative to Pt/KL and that the sulfur tolerance 
increases monotonically with added Ni. Of course, this 
sulfur tolerance may be due to either a resistance to sulfur 
induced sintering (clearly evidenced in both the TEM and 
the EXAFS) or resistance to sulfur poisoning or both. 

TABLE 3 

Conversion and selectivity on n-hexane reaction at T = 753 K, 
P = 33.8 kPa, P-C = 4.2 kPa after 75 min on stream on 

fresh and sulfided catalysts. 

% 
Catalyst Conv. C. C-C C = Bz. S. R' 

Low Conversion 

Pt 10.3 0.6 - 4.4 5.3 0.51 
S, Pt 7.4 - - 6.2 1.2 0.16 0.022 
0.70 Pt-Ni 8.1 0.5 - 2.9 4.7 0.58 
S, 0.70 P-Ni 8.1 - --- 6.9 12 0.15 0.083 
0.53 P-Ni 6.3 0.4 - 2.8 3.1 0.49 
S, 0.53 Pt-Ni 1.7 - ma 10.2 1.5 0.13 0.12 
0.44 Pt-Ni 5.4 0.4 - 2.4 2.6 0.48 
S, 0.44 Pt-Ni 14.0 0.2 - 10.7 3. 0.22 0.22 
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TABLE 3-continued 

Conversion and selectivity on n-hexane reaction at T = 753 K, 
P = 33.8 kPa, P-C = 4.2 kPa after 75 min on stream on 

fresh and sulfided catalysts. 

Catalyst Conv. C. C-C5 C = Bz S R 

High Conversion 

Pt 39.6 4.8 - --- 34.8 0.88 
S, Pt 58.0 07 0.5 12.7 44. 0.76 0.018 
0.70 Pt-Ni 39.8 5.3 0.3 0.1 34.1 0.86 
S, 0.70 P-Ni 53.1 0.8 0.6 11.5 40.2 0.76 0.064 
0.53 Pt-Ni 544 7.5 0.4 - 46.5 0.85 
S, 0.53 Pt-Ni 55. 11 0.9 12.2 40.9 0.74 0.077 
0.44 Pt-Ni 56.1 9.0 1.0 - 46.1 0.82 
S, 0.44 Pt-Ni 614 4.5 3.4 9.2 44.3 0.72 0.16 

"This is the relative activity of the sulfided catalyst based on conversion per 
unit mass of catalyst. 

The X-ray absorption fine structure (EXAFS) test is an 
X-ray absorption spectroscopy test for particle size and 
composition, as disclosed by Teo in the text "EXAFS: Basic 
Principles and Data Analysis' Springer-Verlag, Berlin, 
1986). The EXAFS and catalytic hydrogenolysis test reac 
tion demonstrate that the Pt-Ni clusters in KL-Zeolite have 
a unique phase which is not the stoichiometric intermetallic 
compound PtNi which is often formed in larger particles, see 
J. Lercher et al., J. Catalysis, (1990) 122,406. 
The invention claimed is: 
1. A sulfur-tolerant catalyst comprising a first metal 

selected from the group consisting of platinum, rhodium and 
palladium, and a second metal comprising nickel, wherein 
the atomic ratio of said first metal to said second metal is 
about 2.3:1 to about 0.8:1, said first metal and said second 
metal form a cluster less than 13 angstroms in size, and both 
metals are supported within the pores of an L-Zeolite support 
in basic form. 

2. A catalyst according to claim 1 wherein said first metal 
is platinum and said second metal is nickel. 

3. A catalyst according to claim 1 wherein said support is 
KL-Zeolite. 

4. Composition according to claim 1 wherein said first 
metal and said second metal form a cluster less than 13 
Angstroms in size. 

5. A catalyst according to claim 4 wherein substantially all 
of said second metal in said composition is in said clusters 
and substantially none of said second metal forms a separate 
phase. 

6. Method of preparing a catalyst composition which 
comprises coimpregnating a nonacidic L-Zeolitic support 
with a first metal selected from the group consisting of 
platinum, rhodium and palladium, and a second metal com 
prising nickel, wherein the atomic ratio of said first metal to 
said second metal is about 2.3:1 to about 0.8:1. 

7. Method of reforming aliphatic hydrocarbons which 
comprises contacting said hydrocarbons under reforming 
conditions with a catalyst comprising the composition of 
claim 1. 

8. Method of aromatizing aliphatic hydrocarbons by con 
tacting said hydrocarbons under aromatizing conditions with 
a catalyst comprising the composition of claim 1. 

9. Method of dehydrogenating aliphatic hydrocarbons by 
contacting said hydrocarbons under dehydrogenation con 
ditions with a catalyst comprising the composition of 
claim 1. 
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